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INTRODUCTION 

J 

There w i l l  soon be an in tense competit ion i n  the energy marketplace among o i l ,  
natura l  gas. coal, nuclear f i s s i o n  and the newly developing a l te rna t i ves  o f  solar, 
wind and waste u t i l i z a t i o n .  The charge t o  the energy-entrepreneurs i s  t o  i n t e n s i f y  
t h e i r  search t o  recognize and e x p l o i t  the most economical and techn ica l l y  expedient 
manner o f  convert ing these raw energy sources i n t o  acceptable forms f o r  the p u b l i c ' s  
use. 

Coal w i l l  c e r t a i n l y  p lay  a leading r o l e  i n  supplying the fu tu re  energy needs 
o f  t h i s  nat ion 's  i n d u s t r i a l  and commercial ventures. But coal i s  an extremely 
complex heterogeneous mater ia l ,  composed o f  a number o f  d i s t i n c t  organic e n t i t i e s ,  
c a l l e d  macerals. and inorganic,minerals. Coals from d i f f e r e n t  coal seams and even 
from separated points  i n  the same seam o f t e n  behave q u i t e  d i f f e r e n t l y  i n  a 
g a s i f i c a t i o n  reactor  because o f  the unique associat ions o f  the maceral and mineral 
species i n  the  coal matr ix. 

water i s  r a p i d l y  evolved. This drying mechanism i s  usua l l y  modeled as being 
independent o f  the other  subsequent reactions; however, i n t u i t i o n  says t h a t  a severe 
d ry ing  ac t i on  could a l t e r  the p a r t i c l e ' s  surface cha rac te r i s t i cs  which i n  t u r n  would 
s i g n i f i c a n t l y  a l t e r  the l a t e r  d e v o l a t i l i z a t i o n  and g a s i f i c a t i o n  reactions. As the 
dry coal p a r t i c l e  i s  then r a p i d l y  heated, bound water, carbon oxides and hydrocarbon 
fragments are thermally cleaved f r o m  the coal ' s  organic ma t r i x  and evolves i n t o  the  
surrounding gas phase. The amount and composition o f  t h i s  " v o l a t i l e  matter" a re  
s i g n i f i c a n t l y  con t ro l l ed  by the heat and mass t rans fe r  condi t ions i n  t h a t  py ro l ys i s /  
d e v o l a t i l i z a t i o n  zone. The physical seve r i t y  o f  those d e v o l a t i l i z a t i o n  reactions, 
sometimes resembling mini-explosions. d r a s t i c a l l y  a f f e c t s  the r a t e  o f  the subsequent 
char-gasi f i  c a t i  on reactions. 

Today's most commercial ly-successful coal g a s i f i c a t i o n  processes completely 
sha t te r  the coa l ' s  organic s t ruc tu re  i n t o  blends o f  carbon monoxide and hydrogen, 
syngas mixtures t h a t  can be reassembled i n t o  a va r ie t y  o f  desired gaseous and 
l i q u i d  products (1). Although proven t o  be techn ica l l y  and economically f eas ib le  i n  
the present energy-market atmosphere, t h a t  dest ruct ion and reconst ruct ion method o f  
conver t ing coal t o  useful energy and feedstock forms m a y  not  have the h ighest  
thermodynamic e f f i c i e n c y  compared t o  other  yet-to-be commercialized coa lkonvers ion  
mechanisms. I n  a r e t u r n  t o  the  con t ro l l ed  des t ruc t i ve  d i s t i l l a t i o n  o f  t he  o l d  coke- 
making era, research emphasis i s  now re-examining low-temperature, "mi ld  
gas i f i ca t i on "  methods which can s k i l l f u l l y  carve a s u i t e  o f  des i rab le products from 
the  coal -s t ructure,  such as spec i f i c  specie blends o f  gaseous feedstocks and/or 
h igh l y  aromatic condensibles, along w i t h  special ly-formed chars (2). 

I n  order t o  recognize the most expedient paths t o  perform these se lec t i ve  
coal - rad ica l  s l i c i ng ,  one must understand f u l l y  the i nd i v idua l  py ro l ys i s /  
d e v o l a t i l i z a t i o n  reactions o f  t h a t  p a r t i c u l a r  coal. A laminar f l ow  reactor  has some 
advantages i n  studying coal devo la t i l i za t i on .  such as prec ise con t ro l  o f  
experimental condi t ions l i k e  the f low r a t e  and composition of the ca r r i e r - reac tan t  
gas. Also, both the  reactor  temperature and p a r t i c l e  residence time can be e a s i l y  

When the coal p a r t i c l e  i s  f i r s t  i n j e c t e d  i n t o  the ho t  gas i f i e r ,  the associated 
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varied t o  evaluate the e f f e c t s  o f  changes o f  the heating ra te  o f  the coa l -pa r t i c l e .  
There are a l so  disadvantages t o  analyzing the data from such a laminar-f low reactor  
system, mainly associated w i th  the need t o  mathematically compute the p a r t i c l e  
temperature and then t o  i s o l a t e  the chemical r e a c t i v i t y  from the  mass t rans fe r  
resistances. Many o f  the o r i g i n a l  s tud ies using laminar-f low reactors  used ra the r  
high temperatures where the p a r t i c l e  heatup t ime was neg l i g ib le .  This permitted t h e  
p a r t i c l e s  t o  be considered a t  steady-state temperature f o r  the e n t i r e  p a r t i c l e  
residence time i n  the  reactor. However, studies o f  t he  coal d e v o l a t i l i z a t i o n  i n  t h e  
650' t o  l l O O ° K  range i n  i n e r t  o r  non- ign i t ing atmospheres reveal s i g n i f i c a n t  time- 
lags before d e v o l a t i l  i z a t i o n  weight- loss s tar ts .  

I n  t h i s  presentation, experimental weight-loss data from the d e v o l a t i l i z a t i o n  
treatment o f  a Her r i n  ( I l l i n o i s )  No. 6 coal i n  a laminar-f low laboratory  reactor 
are examined and the observed reac t i on  behavior are used t o  o u t l i n e  c r i t e r i a  f o r  a 
coal -pyro lys is  k i n e t i c  model. 

EXPERIMENTAL REACTOR SYSTEM 

The concept o f  the laminar-f low reactor  design derives from those used by 
Eadzioch and Hawksley (3). Kobayashi (4) .  Nsakala e t  a l .  ( 5 )  and Agreda e t  a l .  
(6). Mod i f i ca t i ons  were made i n  the design o f  t h e  coal-feed i n l e t  and the 
ex i t i ng -so l i ds  c o l l e c t o r  tube t o  p e r m i t  a smooth 0.46 gm/min f l ow  o f  coal 
sol ids, t o  expose the  so l i ds  t o  reactor  temperatures up t o  1073'K w i t h  p a r t i c l e  
residence times up about 400-500 msec, and t o  c o l l e c t  and qu ick l y  quench-cool 
the coal-char s o l i d s  immediately as they leave t h e  hot-zone o f  t h e  reactor. This 
reactor system, described i n  d e t a i l  by Wu ( 7 )  and Moslehi (8). i s  i l l u s t r a t e d  i n  
Ffgure 1. 

I n  t h i s  reac to r  system, the hot nitrogen-gas stream enters the top  head o f  
the reactor  i n t o  the  shell-annulus surrounding t h e  coal-feeder t i p .  This gas i s  
then d i rec ted  down i n t o  the main reactor  tube chamber through a f low- 
s t ra ightener  formed from a 3.8 cm (1.5-inch) t h i c k  disk o f  Corning "Macor" 
machineable glass-ceramic through which 2.2 mn diameter holes were d r i l l e d  t o  
form a 38% voidage r a t i o  across the primary gas f l ow  region. The v e r t i c a l  
reactor chamber body was formed o f  a nominal two-inch, Schedule 40, Type 316 
s ta in less-s tee l  tube twenty inches 1 ong surrounded by a tube furnace. A f t e r  
passing through the heated reactor  zone, the s o l i d s  enter  the t h r o a t  o f  t he  
char-so l ids c o l l e c t o r  where a cool - f lush o f  n i t rogen f lowing inward through a 
permeable s in te red  s ta in less-s tee l  tube a t  the c o l l e c t o r  t i p  qu i ck l y  quench- 
cools the  s o l i d - p a r t i c l e  and d i l u t e s  the  surrounding reac t i ve  gases. The s o l i d s  
are separated i n  mini-cyclones and the condensible and permanent gases co l l ec ted  
f o r  quan t i f i ca t i on  and analysis. The c o l l e c t o r  assembly tube was designed w i t h  a 
s l i p - j o i n t  around i t s  outs ide diameter so t h a t  t he  uppermost t i p  o f  the 
c o l l e c t o r  could be pos i t ioned a t  any desired distance below the c o a l - i n l e t  
feeder t i p .  Thus, the coal p a r t i c l e  reac t i on  path-length, which determines the 
p a r t i c l e  rgsidence time, can be var ied from almost zero t o  more than 50 cm. 

The Her r i n  ( I l l i n o i s )  No. 6 coal used i n  the experiments was ext racted from 
a west-central I l l i n o i s  underground mine and had a dry-analysis o f  43.3% 
v o l a t i l e  matter, 9.8% ash and 46.9% f i x e d  carbon, along w i t h  a 4.2% t o t a l  s u l f u r  
content. The coal was vacuum-dried and ground t o  an average p a r t i c l e  diameter o f  
about75 micrometers before being fed t o  the reactor .  The operat ing condi t ions 
o f  the reactor  du r ing  the processing o f  t h i s  coal are l i s t e d  i n  Table 1. 

EXPERIMENTAL RESULTS AN0 DISCUSSION 

The p y r g l y s i s  react ions were examined a t  t h ree  reactor  temperatures; 450'. 
600' and 800 C; and a t  three p a r t i c l e  f l ow  path lengths; 10, 20 and 30 cm. The 
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t o t a l  residence times o f  the coal-part ic les,  computed using the reac tor  
operat ing condi t ions e x i s t i n g  a t  these nine temperature-length combinations, are 
l i s t e d  i n  Table 1, the values ranging from 137 t o  473 msec. The o v e r a l l  weight- 
loss  data from these experiments, computed by an ash-content balance and 
expressed on a dry ash-free basis, are shown i n  Figure 2. The reasoning and 
procedures o f  a l l  the  computational analyses have been de ta i led  by Wu (7) and 
Moslehi (8). 

It can be seen i n  Figure 2 t h a t  f o r  a given temperature, the weight l o s s  
increases w i t h  time almost exponent ia l ly ,  approaching a maximum value. This 
maximum weight l o s s  value i s  d e f i n i t e l y  a func t ion  o f  temperature, w i t h  a value 
i n  the upper 40% ( d a f  weight loss)  approached at'600°C, wh i le  the maximum weight 
l o s s  a t  800°C i s  i n  the upper 50% range. 

A1 though the f ive-stage succession o f  d e v o l a t i l i z a t i o n  react ions d e t a i l e d  
by Suuberg e t  a l .  (9 )  i s  probably the most chemically r e a l i s t i c ,  the s ingle- 
reac t ion  f i r s t  order decomposition model discussed by Howard (10) can be 
u t i l i z e d  i n  approximating the coa l ' s  d e v o l a t i l i z a t i o n  behavior f o r  quick 
comparison w i t h  those described i n  previous 1 i te ra tu re- repor ted  studies. This 
model i s  s ta ted  as; 

dW/dt = k ( W* - W 1). 

where W represents the weight-loss o f  the  c o a l - p a r t i c l e  (expressed on a dry ash- 
f ree  basis)  and W i s  the weight 103s a f t e r  an I n f i n i t e  exposure time a t  the 
reac t ion  temperature, gas f low r a t e  and other operat ing condi t ions.  Badzioch and 
Hawksley ( 3 )  and o ther  inves t iga tors  r e a l i z e d  t h a t  there was n e g l i g i b l e  weight 
loss  u n t i l  the dry coal p a r t i c l e  was heated t o  about the 300°-to-5000C 
temperature range where the weight loss  react ions became s i g n i f i c a n t .  They 
incorporated a p a r t i c l e  heat ing time i n t o  t h e i r  model; 

Total Time = Heatup Time + Reaction Time. 2). 

I n  order t o  s i m p l i f y  the mathematics, they assumed there  t o  be no react ions 
tak ing  place dur ing t h i s  heatup time, even though the p a r t i c l e  would be heat ing  
s lowly through the e n t i r e  d e v o l a t i l i z a t i o n  temperature range up t o  the  steady- 
s t a t e  temperature o f  the reactor. 

o f  the temperature and v e l o c i t y  f low i n  a s i m i l a r  laminar-flow reactor,  which 
were modif ied and used by Agreda e t  a l .  (6) and Felder and coworkers (11) i n  
t h e i r  studies, p a r t i c l e  heatup times were computed t o  be i n  the  range o f  24 t o  
27 msec f o r  the three experimental reac tor  temperatures. The values o f  the 
pseudo r a t e  constant, k , yie lded a reasonably s t r a i g h t  l i n e  on an Arhennius 
p l o t .  This experimental data cor re la tes  by the expression; 

. 

Using the re la t ionsh ips  derived by Kobayashi ( 4 )  i n  a mathematical ana lys is  

k = ko exp (-E/RT) 3). 

w i t h  the pre-exponential factor,  ko , being equal t o  16035 sec- l  and t h e  
apparent a c t i v a t i o n  energy, E, being equal t o  68.12 KJ/mole (16.27 kcal/mole). 
This a c t i v a t i o n  energy value compares q u i t e  we l l  w i t h  the r e s u l t s  found by 
Felder e t  a l .  (11) who, when d e v o l a t i l i z i n g  a western Kentucky No. 11 coal i n  a 
s i m i l a r  reac tor  system, found the value o f  the  apparent a c t i v a t i o n  energy t o  be 
80 KJ/mole (19.12 kcal/mole). 

For use as a comparison w i t h  the experimental r e s u l t s  of t h i s  study as 
shown i n  Figure 2, the  d e v o l a t i l i z a t i o n  weight loss  data reported by Felder e t  
a l .  (11) f o r  the western Kentucky Seam No. 11 coal i s  p l o t t e d  i n  Figure 3. It 
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should be noted t h a t  t he  western Kentucky coal Seam No. 11 i s  be l ieved t o  have 
been deposited i n  the same geological t ime-period aa the Her r i n  ( I l l i n o i s )  No. 6 
seam. The l i n e s  sketched i n  both Figures 2 and 3 are merely t o  depic t  a trend- 
connection o f  t he  points ,  n o t  t o  suggest a s p e c i f i c a l l y  derived model path. 

The 45OoC and the 600' weight-loss l i n e s  o f  Figure 2 ,  along w i t h  the 600° 
l i n e  o f  Figure 3 .  demonstrate t h a t  there i s  a d e f i n i t e  e f f e c t  o f  reactor 
temperature on the  heat ing t ime o f  the p a r t i c l e .  The mathematical analys is  o f  
Kobayashi ( 4 )  used t o  approximate the p a r t i c l e  heatup t i m ?  i n  t h i s  study was 
o r i g i n a l l y  der ived f o r  coal devo la t i l  i z a t i o n  a t  much higher reactor  temperatures 
than those o f  these experiments. Both the  800' l i n e s  i n  F igure 2 and 3 could 
approach zero reac t i on  w i t h i n  the  20-30 msec range p red ic ted  by the  Kobayashi 
re la t i onsh ip .  A t  the lower temperatures, however, t he  onset o f  d e v o l a t i l i z a t i o n  
i s  much a f fec ted  by reac to r  temperature as we l l  as by other  reactor  operating 
condit ions. The Felder e t  a l .  data f o r  t he  600' experiments i n  F igure 3 i nd i ca te  
t h a t  no weight l o s s  occurred f o r  almost 200 msec. whi le  a t  600° i n  t h i s  study, 
t he  react ions seem t o  have s t a r t e d  before 100 msec. 

Note a l so  t h a t  reac to r  operat ing condit ions, o ther  then the temperature 
e f fec t ,  seem t o  cause d i f f e rences  i n  the maximum asymptotic weight loss a t  each 
reactor temperature. I n  t h i s  study a t  6OO0C, the maximum daf weight loss was 
around 40%. wh i l e  the 600' l i n e  i n  Figure 3 was l e v e l i n g  i n  the 15% range. A t  
800°C t he  data i n  F igure 3 demonstrated a maximum weight l o s s  o f  around 49%. 
which was about 1.11 t imes the  ASTM Proximate Analysis V o l a t i l e  Matter o f  t h a t  
coal. I n  the study repor ted i n  t h i s  paper, the coa l ' s  weight l o s s  a f t e r  300 msec 
had reached almost 60% (1.24 times the ASTM Proximate V o l a t i l e  Mat ter )  and the 
maximum weight- loss asymptote had not been reached. 

temperatures suggests the  v a l i d i t y  o f  t he  "mu l t i p le  react ions"  model develo ed 

the  600' data appear t o  be approachiQg u l t ima te  W 'values t h a t  are very close 
together, wh i l e  the 800°C value o f  W i s  more than 20% higher. The data o f  
Felder e t  a l .  (11 )  i n  F igure 3 ind icates t h a t  the maxipum weight l oss  W* a t  
800°C i s  almost three times l a r g e r  than the value o f  W a t  600'. w i t h  weight 
loss curve a t  7OO0C s t i l l  increas ing a f t e r  1000 msec o f  react ion exposure time. 
Suuberg e t  a l .  ( 9 )  i n  t h e i r  l i s t i n g  o f  t he  f i v e  stages o f  d e v o l a t i l i z a t i o n  
states t h a t  carbon oxides, hydrocarbons, t a r  and hydrogen are released i n  the 
fou r th  stage from 700' t o  900°C. It would be l o g i c a l  t o  suggest t h a t  the 
react ions occurr ing i n  t h i s  temperature range would be s t rongly  in f luenced by 
va r ia t i ons  i n  t h e  mass and heat t rans fe r  mechanisms caused by d i f ferences 
between reactor  operat ing condit ions. A1 so, the primary v o l a t i l e  hydrocarbon 
species being evolved i n  t h i s  temperature range would be susceptible t o  
secondary decomposition and/or cracking reactions. Thus, the py ro l ys i s  react ion 
chain probably inc ludes a complex mix o f  both p a r a l l e l  and successive reactions. 

An examination o f  t he  approached asymptotes o f  W* a t  the various 

by several i nves t i ga to rs  and discussed by Howard 410) .  I n  Figure 2, the 450 1 and 

CONCLUSIONS 

A Herr in  ( I l l i n o i s )  No. 6 coal was devo la t i l i zed  i n  n i t rogen i n  a laboratory  
laminar  f l ow  reac to r  system. The reactions took place a t  450'. 600' and 8OO0C f o r  
reac t i on  residence t imes ranging f r o m  130 t o  480 msec a t  Reynolds Numbers o f  235 
-308. The experimental data can bg reasonably approximated by a s ing le react ion 
deco p o s i t i o n  model; dW/dt = k ( W  - W ) ;  w i t h  the pre-exponential found t o  be 16035 
sec-' and the apparent a c t i v a t i o n  energy being equal t o  68.12 KJ/mole (16.27 kca l /  
mole). This reac to r  system stimulates a ra ther  e f f i c i e n t  react ion as evidenced by 
the  f a c t  that, a f t e r  on l y  300 msec exposure a t  800°C, t he  coa l ' s  weight l oss  had 
reached almost 60% (1.24 times the ASTM Proximate Analysis V o l a t i l e  Matter) and t h e  
maximum weight- loss asymptote had not been reached. 
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A t  the lower temperatures o f  t h i s  experimental study, 450' through 600°C. 
knowledge o f  the p a r t i c l e  heatup t ime i s  q u i t e  important. Estimates by previous 
i nves t i ga to rs  o f  the time-period before the  "onset o f  d e v o l a t i l i z a t i o n  weight 
loss"  occurs were subs tan t i a l l y  smaller than the actual experimental values 
observed i n  t h i s  study. There i s  considerable evidence t h a t  the p a r t i c l e  heat ing 
ra te  and the f l ow  condi t ions w i t h i n  the reactor  system have a s i g n i f i c a n t  
bearing on no t  only the  py ro l ys i s  rate, b u t  a l so  on the maximum weight l o s s  o f  
the coal which could be achieved a t  each reactor  exposure temperature. Also, 
impl icat ions are t h a t  t he  ove ra l l  d e v o l a t i l i z a t i o n  i s  both a p a r a l l e l  and a 
successive ser ies o f  reactions, each in f luenced by the i n t e r r e l a t e d  mass and 
heat t rans fe r  mechanisms occurr ing i n  t h a t  s p e c i f i c  reactor  system. 

v o l a t i l e  coal a t  r e l a t i v e l y  low temperatures must incorporate a considerat ion o f  
the very complex mix o f  mass and heat t rans fe r  e f fec ts .  The development o f  such 
a model i s  the next  stage o f  t h i s  cont inu ing invest igat ion.  

A p r e d i c t i v e  model usefu l  i n  representing the reac t i ve  behavior o f  high- 
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TABLE 1 

EXPERIMENTAL REACTOR OPERATING CONDITIONS 

REACTOR TEMPERATURE 
Reactor Temperature 723 K 873 K 1073 K 

( 45OoC) ( 6OO0C ( 800% 1 

Dried Coal Feed Rate (gm/min) 0.46 0.46 0.46 

Nitrogen Gas Flow Rate (L/min a t  2OoC, 1 atm) 
Main Gas Stream 20 20 
Sol ids-Carr ier  Gas Stream 1 1 

20 
1 

Combined Gas Velocity,(m/sec) 0.412 0.497 0.574 

Coal-Solids Residence Time, msec 
P a r t i c l e  Flow Path Length 

Total Gas Flow Reynolds Number 308 274 235 

10 cm 186 155 137 
20 cm 336 280 227 
30 cm 473 393 318 
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Fh4 -Flowmeter 

GSP - Gas Sampling Port 
P -Pressure Indicator 

quid-Cooled 
lids Feeder np 

quid-Cooled Sectlon 
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¶ O %  

Figure 1. Experimental Laminar-Flow Reactor System 
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Figure 2. Weight-Loss (DAF) Figure 3. Weight-Loss (DAF) 
Versus Time, H e r r i n  
( I l l i n o i s )  No. 6 Coal, 
This Study 

Versus Time, Western 
Kentucky No. 11 Coal, 
Felder e t  a l .  (Reference 11) 
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